Introduction {#s1}
============

Traumatic brain injury (TBI), the most common type of brain injury, is one of the leading causes of death and disability in young Chinese people aged 15--24 years (Chen et al., [@B7]). However, to date, there are no effective drugs---either in clinical trials or in clinical practice---that are capable of attenuating TBI. TBI mainly comprises primary brain injury and secondary brain injury. Primary brain injury, which occurs immediately after trauma, can induce biochemical changes and ultimately lead to secondary neuronal cell loss (Jindal et al., [@B17]). The main mechanisms underlying secondary brain injury are associated with endoplasmic reticulum stress (ER stress), oxidative stress, mitochondrial dysfunction, inflammation and apoptosis (Dash et al., [@B10]; Gao et al., [@B14]; Wang et al., [@B38]; Yang et al., [@B42]).

The ER is the largest cellular organelle and plays essential roles in maintaining Ca^2+^ homeostasis and folding newly synthesized proteins. The accumulation of unfolded and misfolded proteins can induce the unfolded protein response (UPR) to maintain cellular homeostasis. However, severe or persistent stress may activate the three major UPR signaling pathways (i.e., the PERK, IRE1 and ATF6 signaling pathways) and ultimately lead to neuronal cell death in acute central nervous system (CNS) injury (Ron and Walter, [@B32]; Sano and Reed, [@B33]; Nakka et al., [@B25]). However, ER stress can also regulate the inflammatory response following TBI by inhibiting the NF-κB signaling pathway (Logsdon et al., [@B22]). Several ER stress inhibitors, such as salubrinal, docosahexaenoic acid (DHA) and guanabenz, have been reported to have protective effects after TBI in previous studies. However, few effective treatments for TBI-induced ER stress have been developed by preclinical and clinical studies (Begum et al., [@B1]; Dash et al., [@B10]; Logsdon et al., [@B22]). Therefore, the role of ER stress in TBI and its regulation still require further investigation.

Tauroursodeoxycholic acid (TUDCA), a hydrophilic bile acid, has been used for the treatment of cholestatic liver diseases over the past several decades (Paumgartner and Beuers, [@B27]). In recent years, TUDCA has also been reported to have significant beneficial effects in several CNS diseases, such as stroke, intracerebral hemeorrhage (ICH) and neurodegenerative diseases (Rodrigues et al., [@B30], [@B29]; Castro-Caldas et al., [@B4]). TUDCA may exert its protective effects by modulating ER stress, mitochondrial function, reactive oxygen species production and cytochrome c release (Beuers et al., [@B2]; Lim et al., [@B21]; Fonseca et al., [@B13]). In addition, TUDCA also reduced microglia activation and migration in an animal model of acute neuroinflammation (Yanguas-Casás et al., [@B43]). However, the role of TUDCA in TBI, as well as whether treatment with TUDCA can improve functional outcomes after TBI, remains unknown.

To determine the effects of TUDCA in TBI, we investigated whether TUDCA (500 mg/kg, 3 days) can modulate neuronal cell apoptosis and improve neurological function. Our results indicated that administration of TUDCA can abolish ER stress and reduce neuronal cell apoptosis following TBI. Furthermore, we found that TUDCA administration increased p-Akt expression and the Bcl-2/Bax ratio and improved neurological function following TBI. However, administration of MK2206, a selective Akt inhibitor, abolished the protective effects of TUDCA. Collectively, these results showed that TUDCA may reduce early brain injury via Akt-related anti-apoptotic pathways.

Materials and Methods {#s2}
=====================

Animals {#s2-1}
-------

Male C57BL/6 mice weighing 20--25 g were obtained from the Beijing Vital River Laboratory Animal Technology Co., Ltd. All the mice were raised in the animal facilities of Tianjin Medical University General Hospital under a standard 12:12-h light/dark cycle. The temperature of the facility was maintained between 18°C and 22°C, the humidity was maintained between 50% and 60%, and the mice were allowed free access to water and food. All animal experiments were approved by the Animal Care and Use Committee of Tianjin Medical University and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All procedures were approved by the Chinese Small Animal Protection Association Experimental Protocol.

TBI Model {#s2-2}
---------

A digital electromagnetically controlled cortical impact (CCI) device (eCCI model 6.3, America) was used to establish the TBI model in C57BL/6 mice. The mice were allowed to adapt to their new environment for 1 week before surgery. The mice were anesthetized with 10% chloral hydrate (3 mg/kg, intraperitoneal injection). The depth of anesthesia was assessed by monitoring the pedal withdrawal reflex and respiratory rate. Then, the mice were placed in a stereotaxic apparatus, and the surgical site was clipped and cleaned with Nolvasan scrubs. A 4.0-mm hole was drilled in the right parietal bone to expose the dura. The CCI device subsequently impacted the skull a depth of 1.2 mm and a velocity of 5 m/s over a period of 200 ms. The incision was closed with interrupted 6-0 silk sutures immediately following injury, and then the mice were placed in heated cages to recover from anesthesia at room temperature (RT). All the mice in the sham group were subjected to the same surgical procedure but were not treated with the CCI device.

Experimental Design {#s2-3}
-------------------

Four experimental procedures were performed to investigate the time course of post-TBI ER stress and the protective effects of TUDCA against ER stress.

In Experiment 1, the post-TBI changes in the expression levels of GRP78 (an ER stress marker), p-Akt and Akt over time were determined by western blotting. The mice used for this experiment were assigned to the following five groups: a sham group, a TBI 6 h group, a TBI 12 h group, a TBI 24 h group and a TBI 72 h group.

In Experiment 2, we studied the effects of TUDCA (500 mg/kg) on TBI-induced ER stress. The mice used for this experiment were randomly divided into the following three groups: a sham group, a control group and a TBI + TUDCA group. Neurologic scores were measured between 24 h and 14 days after TBI, and brain water content was measured at 72 h following TBI in all groups. p-PERK, PERK, p-elF2α, elF2α, ATF4, Bcl-2, Bax, CHOP, p-Akt Akt, Pten and Caspase-12 expression levels were measured by western blotting and CHOP expression levels were measured by immunohistochemical staining at 72 h following TBI. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL) assay was also performed in each group at 72 h after TBI.

In Experiment 3, we studied the mechanism through which TUDCA (500 mg/kg) exerts its effects on ER stress following TBI. The mice used for this experiment were randomly divided into the following five groups: a sham group, a control group, a TBI + TUDCA group, a TBI + MK2206 group and a TBI + TUDCA + MK2206 group. MK2206 (60 mg/kg, Selleck Chemicals, Houston, TX, USA) was administered orally for 3 days beginning at 1 h following TBI. p-elF2α, elF2α, Bcl-2, Bax, CHOP, p-Akt, Akt, Pten and Caspase-12 expression levels were determined by western blotting in each group at 72 h after TBI.

In Experiment 4, to provide compelling evidence of the molecular mechanism of TUDCA's protective role in the TBI animal model, the mice used for this experiment were randomly divided into the following six groups: a sham group, a control group, a TBI + short interfering RNA (siRNA)-control group, a TBI + TUDCA group, a TBI + siRNA-Akt group and a TBI + TUDCA + siRNA-Akt group. The mRNA levels of Akt, Grp78, CHOP and Caspase-12 were determined using RT- PCR in each group at 72 h after TBI.

The dose of TUDCA used in the present study was selected on the basis of previous reports (Yanguas-Casás et al., [@B44]).

SiRNA Transfection {#s2-4}
------------------

SiRNA transfection was performed *in vivo* according to the method described by Chen C. et al. ([@B5]). A total of 1.25 μg/5 μL Akt siRNA (Sangon Biotech) and control siRNA (Sangon Biotech) were diluted respectively with the same volume of Entranster™-*in vivo* transfection reagent (Engreen, Beijing, China). The solution was mixed gently and injected intracerebroventricularly (i.c.v.). For the i.c.v injection, a 1 mm cranial burr hole was drilled into the skull. A 30-gauge needle on a Hamilton syringe was implanted into the lateral ventricle using the following stereotactic coordinates: 1.5 mm posterior to Bregma and 1.0 mm right lateral to the midline, 2 mm in depth.

Modified Neurological Severity Scores {#s2-5}
-------------------------------------

Neurological function, which comprises motor function, sensory function, and reflexes, was evaluated by modified neurological severity scores (mNSSs), as previously reported (Chen et al., [@B6]). The test was performed by an observer blinded to the experimental conditions on the 1st, 3rd, 7th and 14th days after TBI. Lower scores were indicative of better neurological function.

Motor Function Testing {#s2-6}
----------------------

The beam balance task was used to assess gross vestibulomotor function, as previously reported (Singleton et al., [@B35]). The time for which the animal remained on an elevated, 1.5-cm-wide wooden beam was recorded (up to a maximum of 60 s). Each animal completed three trials per day and completed training on the day prior to TBI induction. Spinning on the beam was counted as a fall. We assessed vestibulomotor function and coordination by having the mice perform a modified beam-walking task, as previously reported (Feeney et al., [@B12]). All the mice were trained to traverse a narrow wooden beam (2.5 × 100 cm) and enter a darkened goal box at the far end of the beam in response to bright light and loud white noise. The light and noise were stopped immediately after each mouse entered the goal box. The mice remained in the goal box for at least 30 s between trials. Training was completed on the day prior to TBI induction. The test was administered by an observer blinded to the experimental conditions on the 1st, 3rd, 5th and 7th days after TBI. Shorter times were indicative of better vestibulomotor function and coordination.

Brain Water Content {#s2-7}
-------------------

Brain water content was measured by the wet-dry weight method at 72 h following TBI, as previously reported (Yan et al., [@B40]). Brains were obtained without transcardiac perfusion, after which their weights were determined by an electronic analytical balance. The brains were subsequently dried in an electrothermostatic blast oven for 72 h at 80°C, after which their dry weights were determined by the same electronic analytical balance. Brain water content (%) was calculated as (wet brain weight − dry brain weight)/wet brain weight × 100%.

Western Blotting {#s2-8}
----------------

Mice were sacrificed by transcardiac perfusion with cold PBS to eliminate the proteins expressed by blood cells. Brain were homogenized in ice-cold RIPA buffer (Beyotime) with PMSF (final concentration 1 mM) for 30 min and then centrifuged for 10 min (12,000 rpm, 4°C). After centrifugation, the supernatants were collected and boiled with 4× sample buffer at 95°C for 10 min. The total protein content was determined by the BCA protein assay kit (Thermo). Protein samples (8 μg per lane) and prestained molecular weight markers (Thermo) were separated by SDS/PAGE. After SDS-PAGE, the resolved proteins were transferred to a PVDF membrane (Roche, Canada) and then blocked by 5% non-fat dry milk in Tris-buffered saline (TBS) for 2 h at RT. After blocking, the blots were incubated overnight at 4°C with primary antibodies (for more information, see Table [1](#T1){ref-type="table"}).

###### 

Antibodies for western blot.

  Antibody                                        Catalog \#   Vendor     Dilution   Molecular weight (kDa)
  ----------------------------------------------- ------------ ---------- ---------- ------------------------
  GRP78                                           NBP1-06274   Novusbio   1:250      75
  p-PERK (Thr981)                                 SC-32577     Santa      1:500      170
  PERK                                            3192         CST        1:1000     140
  p-eIF2a (Ser51)                                 Ab32157      CST        1:1000     36
  eIF2a                                           9722         CST        1:1000     38
  ATF4                                            11815        CST        1:1000     49
  p-Akt (Ser473)                                  4060         CST        1:1000     60
  Akt                                             9272         CST        1:1000     60
  Pten                                            9552         CST        1:1000     54
  CHOP                                            2895         CST        1:1000     27
  Caspase-12                                      AB62484      Abcam      1:1000     42
  Bax                                             2722         CST        1:1000     20
  Bcl-2                                           2876         CST        1:1000     28
  β-Actin                                         3700         CST        1:1000     45
  Peroxidase-Conjugated anti-Rabbit IgG (H + L)   ZB-2305      ZSGB-BIO   1:5000     
  Peroxidase-Conjugated anti-Mouse IgG (H + L)    ZB-2301      ZSGB-BIO   1:5000     

After rinsing with TBS, the blots were incubated with the appropriate HRP-conjugated secondary IgG for 1 h at RT and then developed with the ECL System (Millipore, Billerica, MA, USA). Protein expression was quantified by ImageJ software according to the mean pixel density of each protein band and β-actin was employed as a loading control.

Immunohistochemical Staining {#s2-9}
----------------------------

The mice were anesthetized with 10% chloral hydrate and then transcardially perfused first with PBS and then with 4% paraformaldehyde at 72 h following TBI. Their brains were rapidly embedded in OCT medium (Sakura, Oakland, CA, USA), after which they were cut into 8-μm-thick coronal sections, which were subsequently treated with 3% BSA for 30 min at 37°C to block nonspecific binding before being incubated with the appropriate primary antibodies overnight at 4°C. After being rinsed with PBS, the sections were incubated with Alexa Fluor-conjugated anti-mouse or anti-rabbit IgG (1:500, Molecular Probes) for 1 h at RT. The nuclei were counterstained with DAPI for 5 min.

TUNEL Assay {#s2-10}
-----------

Tissue sections obtained from the brains of 72-h post-injury mice were used to examine cell death with an *In-Situ* Cell Death Detection Kit, as previously described (Cuello-Carrión and Ciocca, [@B9]). After being warmed to RT for 30 min, the sections were fixed in acetone for 8 min at 4°C. After being rinsed with PBS, the sections were treated with 3% BSA for 30 min at 37°C before being incubated with TUNEL reaction mixture in the dark for 90 min at 37°C. The nuclei were counterstained with DAPI for 5 min.

Quantitative Real-Time PCR {#s2-11}
--------------------------

RNA was harvested from acquired tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA (10 ng) was reverse transcribed into single-stranded complementary DNA with a PrimeScript RT Reagent Kit (TaKaRa, Dalian, China, DRR037S) following the manufacturer's instructions, and used for real-time PCR. Amplification and quantification were carried out with the SYBR Premix Ex Taq II (TaKaRa, DRR081A) and MJ Research real-time PCR system (Bio-Rad, Hercules, CA, USA). Reactions were performed in a 25-μL reaction mixture consisting of 12.5 μL 2 × SYBR Green, 10 ng RNA, and 0.4 μmol/L of each primer, and run in triplicate using the under the following conditions: 95°C for 2 min, followed by 45 cycles of 95°C for 15 s, and 62°C for 1 min. The primers are listed in Table [2](#T2){ref-type="table"}. β-actin was used as an endogenous control.

###### 

Polymerase chain reaction primer sets in real-time PCR.

  Gene         Primer sequences               Size (bp)
  ------------ ------------------------------ -----------
  GRP78        Forward TCAGCATCAAGCAAGGATTG   115
               Reverse CATGGTAGAGCGGAACAGGT   
  Akt          Forward GAACGACGTAGCCATTGTGA   122
               Reverse GCCGTTCCTTGTAGCCAATA   
  CHOP         Forward CTCGCTCTCCAGATTCCAGT   137
               Reverse CTGCTCCTTCTCCTTCATGC   
  Caspase-12   Forward GAGGAACGTGTGTTGAGCTG   122
               Reverse CCAGTCTTGCCTACCTTCCA   
  β-actin      Forward CAGGCATTGCTGACAGGATG   155
               Reverse TGCTGATCCACATCTGCTGG   

Statistical Analysis {#s2-12}
--------------------

All data are based on at least three independent experiments. One-way ANOVA followed by the Tukey's multiple comparisons test was used for comparisons between groups. All data are expressed as the mean ± SEM. A *p*-value less than 0.05 was considered significant.

Results {#s3}
=======

GRP78 and p-Akt Expression Levels Were Altered after TBI {#s3-1}
--------------------------------------------------------

The experimental protocols for the sham, control and TUDCA treatment groups are shown in Figure [1](#F1){ref-type="fig"}. Biochemical assays and neurological functional analyses were performed in the above groups from 1 to 14 days after TBI. We found that the expression of GRP78, an ER stress marker, was significantly elevated at 6 h following TBI and peaked on the 3rd day after TBI (Figure [2A](#F2){ref-type="fig"}, *p* \< 0.05). However, the ratio of p-Akt/Akt was decreased at 6 h after TBI and reached its lowest level on the 3rd day after TBI (Figure [2B](#F2){ref-type="fig"}, *p* \< 0.05).

![The experimental protocol. Controlled cortical impact (CCI) animals were treated with tauroursodeoxycholic acid (TUDCA), saline, MK2206 or Akt siRNA. TUDCA, saline or MK2206 were treated for 3 days following traumatic brain injury (TBI), whereas Akt siRNA were treated for once. The time points at which we chose the samples from each group for western blotting, immunofluorescence, TUNEL staining and RT-PCR are also indicated.](fncel-11-00193-g0001){#F1}

![TBI altered the expression of GRP78 and the ratio of p-Akt/Akt. Data described in **(A,B)** represented the time course of GRP78 and p-Akt/Akt following TBI. β-actin was used as the loading control. All the results are expressed as the mean ± SEM, and *n* = 5 for each group. \**p* \< 0.05 vs. sham.](fncel-11-00193-g0002){#F2}

CHOP Expression in Neuronal Cells Was Altered after TBI {#s3-2}
-------------------------------------------------------

Double immunofluorescence of CHOP with NeuN in both the sham and TBI groups indicated that CHOP expression in neuronal cells subjected to TBI was significantly elevated compared with that in sham groups on the 3rd day after TBI (Figure [3](#F3){ref-type="fig"}).

![Coronal brain sections from C57/BL6 mice (Bregma −2.20) were double immune stained for CHOP protein (green) and NeuN (red). Levels of CHOP in neuronal cells were assessed immunofluorescence. Images show CHOP positive neuronal cells was considerably higher in the lesion area of the cerebral cortex 72 h following TBI. *n* = 5 for each group. Scale bar = 50 μm.](fncel-11-00193-g0003){#F3}

TUDCA Reduced Brain Oedema and Attenuated Neurological Deficits after TBI {#s3-3}
-------------------------------------------------------------------------

We evaluated effects of TUDCA on the neurological function of TBI mice with mNSSs and the beam balance and beam walking tests from 0 to 14 days post-TBI.

mNSSs were determined to evaluate long-term neurological function. The mice in the control and TUDCA groups exhibited higher mNSSs than the mice in the sham group on the first day following TBI. However, there was no significant difference in mNSSs between the control and TUDCA groups, which indicated that all the mice had sustained relatively comparable injuries. Neurological function began to recover between the 3rd and 14th days post-TBI, and treatment with TUDCA decreased mNSSs between the 7th and 14th days post-TBI (Figure [4A](#F4){ref-type="fig"}, *p* \< 0.05). The beam balance and beam walking tests were performed to evaluate short-term sensorimotor function. The mice in the control and TUDCA groups displayed significant deficits in motor function compared with the mice in the sham group from 1--7 days post-TBI. Treatment with TUDCA improved motor function in the corresponding group compared with the sham group between the 5th and 7th days post-TBI (Figures [4B,C](#F4){ref-type="fig"}, *p* \< 0.05). In addition, TBI induced increases in brain oedema on the 3rd day following TBI. However, treatment with TUDCA significantly decreased brain water content compared with treatment with saline (Figure [4D](#F4){ref-type="fig"}, *p* \< 0.05).

![Effects of TUDCA on neurological function and brain oedema following TBI. Neurological function was evaluated with the modified neurological severity scores (mNSSs) **(A)** and beam walking latency **(B)** and beam balance tests **(C)**. Brain oedema was evaluated by calculating brain water content **(D)**. All data are expressed as the mean ± SEM, and *n* = 5 in each group. \**p* \< 0.05 vs. the sham group, ^\#^*p* \< 0.05 vs. the control group.](fncel-11-00193-g0004){#F4}

TUDCA Inhibited ER Stress and Promoted Neuronal Survival after TBI {#s3-4}
------------------------------------------------------------------

As stated previously, TBI clearly triggered increases in ER stress marker levels, which peaked on the 3rd day following TBI; thus, we investigated the effects of TUDCA on ER stress on the 3rd day after TBI. We found that treatment with TUDCA significantly decreased p-PERK (Figure [5A](#F5){ref-type="fig"}, *p* \< 0.05), p-eIF2α (Figure [5B](#F5){ref-type="fig"}, *p* \< 0.05) and ATF4 (Figure [5D](#F5){ref-type="fig"}, *p* \< 0.05) expression levels compared with treatment with saline. In addition, we also investigated the effects of TUDCA on ER stress-induced apoptosis. We found that TUDCA significantly increased the Bcl-2/Bax ratio (Figure [5C](#F5){ref-type="fig"}, *p* \< 0.05) and significantly decreased Caspase-12 (Figure [5E](#F5){ref-type="fig"}, *p* \< 0.05) and CHOP expression levels (Figure [5F](#F5){ref-type="fig"}, *p* \< 0.05) in the corresponding group compared with the control group. TUDCA also decreased the percentages of CHOP-positive neuronal cells in the lesion area of the cerebral cortex and the dentate gyrus of the ipsilateral hippocampus in the corresponding group compared with the control group (Figures [6A--C](#F6){ref-type="fig"}, *p* \< 0.05). TUNEL assay and NeuN double-staining were used to quantify brain neuronal cell apoptosis on the 3rd day after TBI. The results indicated that TUDCA significantly reduced the percentages of TUNEL-positive neuronal cells in the lesion area of the cerebral cortex and the dentate gyrus of the ipsilateral hippocampus in the corresponding group compared with the control group (Figures [7A--C](#F7){ref-type="fig"}, *p* \< 0.05).

![Effects of TUDCA on the PERK-ATF4-CHOP signaling pathway, the Bcl-2/Bax ratio and the expression level of Caspase-12 at 72 h after TBI. Representative results of p-PERK/PERK **(A)**, p-eIF2α/ eIF2α **(B)**, Bcl-2/Bax **(C)**, ATF4 **(D)**, Caspase-12 **(E)** and CHOP **(F)** alterations in the different groups. β-actin was used as the loading control. All the results are expressed as the mean ± SEM, and *n* = 5 for each group. \**p* \< 0.05 vs. sham; ^\#^*p* \< 0.05 vs. control.](fncel-11-00193-g0005){#F5}

![Effects of TUDCA on the CHOP-positive neuronal cells at 72 h after TBI. Representative immunofluorescences images showing the colocalization of CHOP (green) with NeuN positive cells (red) in the lesion area of the cerebral cortex and the dentate gyrus of the ipsilateral hippocampus at 72 h after TBI **(A)**. Quantitative data indicating that the expression of CHOP in neuronal cells was greater in TBI group than in TUDCA treated group both in the lesion area **(B)** and in the dentate gyrus **(C)**. All the results are expressed as the mean ± SEM, and *n* = 5 for each group. \**p* \< 0.05 vs. sham; ^\#^*p* \< 0.05 vs. control. Scale bar = 50 μm.](fncel-11-00193-g0006){#F6}

![Effects of TUDCA on the TUNEL-positive neuronal cells at 72 h after TBI. Representative microphotographs showing the colocalization of TUNEL (green)-positive cells with neuronal cells (red) in the lesion area of the cerebral cortex and the dentate gyrus of the ipsilateral hippocampus at 72 h after TBI **(A)**. Quantitative data indicating that TUNEL-positive neuronal cells was greater in TBI group than in TUDCA treated group both in the lesion area **(B)** and in the dentate gyrus **(C)**. All the results are expressed as the mean ± SEM, and *n* = 5 for each group. \**p* \< 0.05 vs. sham; ^\#^*p* \< 0.05 vs. control. Scale bar = 50 μm.](fncel-11-00193-g0007){#F7}

TUDCA Activated the Akt Signaling Pathway after TBI {#s3-5}
---------------------------------------------------

To elucidate the molecular mechanisms underlying the effects of TUDCA in TBI, we examined the effects of TUDCA on the Pten/PI3K-Akt signaling pathway on the 3rd day following TBI. We found that PTEN protein expression levels were decreased in the TUDCA group compared with the control group on the 3rd day after TBI (Figure [8A](#F8){ref-type="fig"}, *p* \< 0.05). PTEN loss can promote Akt activation by promoting its phosphorylation at Thr308 and/or Ser473. Thus, we detected p-Akt protein expression levels. The results indicated that p-Akt protein expression levels were significantly decreased in the TUDCA group compared with the control group on the 3rd day after TBI (Figure [8B](#F8){ref-type="fig"}, *p* \< 0.05).

![Effects of TUDCA on the expression of Pten and the ratio of p-Akt/Akt. Representative results of Pten **(A)**, p-Akt/Akt **(B)** alterations in the different groups. β-actin was used as the loading control. All the results are expressed as the mean ± SEM, and *n* = 5 for each group. \**p* \< 0.05 vs. sham; ^\#^*p* \< 0.05 vs. control.](fncel-11-00193-g0008){#F8}

The Protective Effects of TUDCA Are Dependent on Akt Signaling Pathway Activation in TBI {#s3-6}
----------------------------------------------------------------------------------------

To elucidate the mechanisms underlying the protective effects of TUDCA in TBI further, we treated neuronal cells with MK2206, a highly selective Akt inhibitor, at 1 h after TBI. As stated previously, TUDCA can activate the Akt signaling pathway and reduce ER stress-related apoptotic protein expression levels. However, the administration of MK2206 significantly suppressed the increases in p-Akt expression induced by treatment with TUDCA (Figure [9A](#F9){ref-type="fig"}, *p* \< 0.05). MK2206 also abolished TUDCA-induced decreases in Pten (Figure [9D](#F9){ref-type="fig"}, *p* \< 0.05), Caspase-12 (Figure [9E](#F9){ref-type="fig"}, *p* \< 0.05), and CHOP (Figure [9F](#F9){ref-type="fig"}, *p* \< 0.05) expression levels and the Bcl-2/Bax ratio (Figure [9C](#F9){ref-type="fig"}, *p* \< 0.05). Moreover, MK2206 prevented the beneficial effects of TUDCA on oedema (Figure [10](#F10){ref-type="fig"}, *p* \< 0.05). However, MK2206 did not affect p-eIF2α expression (Figure [9B](#F9){ref-type="fig"}, *p* \> 0.05).

![Effects of MK2206-mediated Akt inhibition on the protective effects of TUDCA at 72 h following TBI. Representative results of p-Akt/Akt **(A)**, p-eIF2α/ eIF2α **(B)**, Bcl-2/Bax **(C)**, Pten **(D)**, Caspase-12 **(E)** and CHOP **(F)** alterations in the different groups. β-actin was used as the loading control. All the results are expressed as the mean ± SEM, and *n* = 5 for each group. \**p* \< 0.05 vs. sham; ^\#^*p* \< 0.05 vs. control; ^&^*p* \< 0.05 vs. TUDCA.](fncel-11-00193-g0009){#F9}

![Effects of MK2206-mediated Akt inhibition on the beneficial effects of TUDCA on oedema at 72 h after TBI. Brain water content was detected at 72 h after TBI. However, this protective effect of TUDCA was reversed by MK2206 administration. All the results are expressed as the mean ± SEM, and *n* = 5 for each group. \**p* \< 0.05 vs. sham; ^\#^*p* \< 0.05 vs. control; ^&^*p* \< 0.05 vs. TUDCA.](fncel-11-00193-g0010){#F10}

To provide compelling evidence of the molecular mechanism of TUDCA's protective role, we detected the mRNA levels of GRP78, Akt, Caspase-12 and CHOP after RNA interference assays using siRNA against Akt. Our results indicated that AKT siRNA decreased Akt mRNA levels, which was not affected by TUDCA treatment (Figure [11A](#F11){ref-type="fig"}, *p* \> 0.05). This result may suggest that TUDCA plays a protective role via increasing Akt phosphorylation but has no effect on Akt mRNA transcription. Meanwhile, Akt siRNA abolished TUDCA-induced decreases in Caspase-12 (Figure [11C](#F11){ref-type="fig"}, *p* \< 0.05) and CHOP (Figure [11D](#F11){ref-type="fig"}, *p* \< 0.05) mRNA levels but had no effect on GRP78 mRNA levels (Figure [11B](#F11){ref-type="fig"}, *p* \> 0.05).

![Detection of the mRNA levels of Akt, GRP78, Caspase-12 and CHOP by RT-PCR following Akt Silencing. Mice were transfected with Akt siRNA or control siRNA. Brains were removed for the detection of Akt **(A)**, GRP78 **(B)**, Caspase-12 **(C)** and CHOP **(D)** by RT- PCR 3 days after TBI. All the results are expressed as the mean ± SEM, and *n* = 5 for each group. \**p* \< 0.05 vs. sham; ^\#^*p* \< 0.05 vs. control; ^&^*p* \< 0.05 vs. TUDCA.](fncel-11-00193-g0011){#F11}

Discussion {#s4}
==========

The neuroprotective effects of TUDCA have been demonstrated in previous studies involving models of Huntington's disease, Alzheimer's disease and stroke; however, little is known about the effects of TUDCA in TBI or the mechanisms underlying these effects (Rodrigues et al., [@B31], [@B30]; Keene et al., [@B18]). Thus, in this study, we investigated the neuroprotective effects of TUDCA in mice subjected to TBI. We found that TUDCA administration inhibited ER stress and improved neurologic outcomes after TBI. Furthermore, we uncovered convincing evidence indicating that TUDCA can attenuate early brain injury by activating the Akt pathway.

We found that TUDCA can effectively alleviate brain oedema in mice. Following severe TBI, the blood brain barrier is disrupted, and the resulting cerebral oedema causes increases in intracranial pressure (ICP) and thus leads to poor outcomes (Zhao et al., [@B47]). Therefore, pharmacological therapies designed to slow the development of cerebral oedema and attenuate disruption of the BBB are expected to improve neurologic outcomes after TBI. A previous study showed that TUDCA can attenuate oedema in acute pancreatitis, a finding that served as a basis for our study (Seyhun et al., [@B34]).The affection of TUDCA on alleviating brain oedema can be abolished by Akt inhibitor. This may be the reason why inhibition of Akt increases death and stress markers and provide evidence for the protective effect of TUDCA by activating Akt.

Neuronal cell apoptosis in the hippocampus following TBI is responsible for the neurological deficits induced by TBI (Lu et al., [@B23]). Although various studies have shown that TBI can induce neuronal cell apoptosis and neurological deficits, the molecular mechanisms underlying TBI-induced neurodegeneration have not been fully elucidated. A recent study showed that ER stress and UPR activation can trigger a variety of neuronal cell death pathways and play a critical role in the pathophysiology of TBI (Larner et al., [@B20]). UPR activation is facilitated by three ER-transmembrane effector proteins, namely, PERK, IRE1 and ATF6 (Nakka et al., [@B25]). As PERK is the central regulator of ER stress, increases in its expression are the first indicator of UPR activation in the early hours of CNS injury, and uncontrolled PERK pathway activation may promote ATF4 and CHOP activation and eventually induce cell death (Kumar et al., [@B19]; Begum et al., [@B1]). Consistent with the results of previous studies, the results of our study revealed that the PERK-ATF4-CHOP signaling pathway was activated and that the number of CHOP positive neuronal cells increased significantly on the 3rd day following TBI. Administration of TUDCA can inhibit PERK-ATF4-CHOP signaling pathway activation, attenuate neuronal damage and improve both motor function and neurological functional recovery. In addition, TUDCA can also increase the ratio of Bcl-2/Bax and decrease the expression of Caspase-12, a unique marker of ER stress-related apoptosis, and plays an important role in TBI-induced apoptosis. Double-immunofluorescence staining demonstrated that the numbers of CHOP- and TUNEL-positive neuronal cells were elevated after TBI, indicating that neuronal apoptosis was induced by TBI. However, TUDCA significantly promoted neuronal survival. These results are supported by those of a previous study, which showed that selective inhibition of PERK could reduce neuronal damage and improve neurological deficits in animal models of subarachnoid hemeorrhage (Yan et al., [@B41]).

Akt is a serine/threonine kinase and plays critical roles in intracellular signal transduction pathways involved in cell proliferation, cell survival, inflammation and metabolism (Brazil et al., [@B3]; Wang et al., [@B37], [@B39]). A previous study showed that neuronal apoptosis can aggravate tissue damage and neurological deficits following TBI (Chen X. et al., [@B8]). Evidence suggests that PI3K/Akt signaling pathway activation plays a critical neuroprotective role in TBI by regulating anti-apoptosis (Noshita et al., [@B26]; Zhao et al., [@B46]; Zhang et al., [@B45]). Akt phosphorylation can attenuate neuronal apoptosis by altering the expression of downstream molecules, such as Bcl-2, Bax and Caspase-3, after TBI (Ge et al., [@B16]). To investigate the mechanism underlying the neuroprotective effects of TUDCA, we measured the the ratio of p-Akt/Akt following TBI. The results indicated that the ratio of p-Akt/Akt decreased significantly at 6 h after TBI and reached its lowest level at 72 h after TBI. PTEN is a negative regulator of PI3K/Akt signaling pathway activity (Maehama and Dixon, [@B24]). Administration of TUDCA increased the ratio of p-Akt/Akt and decreased PTEN expression in the corresponding group compared with the control group on the 3rd day after TBI. Furthermore, administration of TUDCA also increased the Bcl-2/Bax ratio and decreased the mRNA level and protein level of Caspase-12 and CHOP, changes that could be inhibited by co-administration of the selective Akt inhibitor MK2206 or Akt siRNA. Taken together, these results suggest that TUDCA inhibits PERK activity and attenuates early brain injury by activating the Akt signaling pathway.

However, this study had some limitations. The pathological changes associated with TBI mainly include mitochondrial dysfunction, ER stress, Ca^2+^ homeostasis disruptions, oxidative stress, excitotoxicity and free-radical generation, all of which can induce inflammation and apoptosis (Faridar et al., [@B11]; Pearn et al., [@B28]). In this study, we focused our attention on the potential anti-apoptotic effects of TUDCA and its downstream signaling proteins and did not investigate its role in neuroinflammation following TBI. Additional studies are required to determine the effects of TUDCA in neuroinflammation following TBI.

In summary, we conclude that TUDCA, a hydrophilic bile acid, can modulate neuronal apoptosis and improve neurological function following TBI. The potential mechanisms through which TUDCA attenuates early brain injury may involve the activation of Akt-related anti-apoptotic signaling pathways.
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